We present high-speed shutter and streak photographs synchronized with sample current measurements which show clearly that in surface flashover of silicon in a vacuum ambient the current flows primanly in the silicon, not in the ambient. We present S.E.M. photographs which show that this current is filamentary. Results obtained from samples with diffused p and n contacts show that the contacts exert a strong influence over the flashover characteristics.
INTRODUCTION
There has been considerable interest recently in the application of semiconductors to high voltage switching technology)11121 A primary problem is that in most cases the switches flashover at the surface under average applied fields much less than the bulk breakdown field of the semiconductor. This problem has plagued the development of high voltage solid state devices for more than 30 years,31 but the physical basis for this flashover phenomenon is still not understood)2 ' ' 10] We present new empirical information about surface flashover of silicon in a vacuum ambient. When breakdown occurs we observe, as have other workers, visible emission from a plasma in the ambient just outside the silicon surface. Our results show that, although this plasma may influence the course of the breakdown, it is not the cause of the breakdown event. The results show clearly that in breakdown the current is carried primarily inside the semiconductor, and imply that the physical processes responsible for flashover of silicon are fundamentally different from those assumed in the standard model for flashover of insulators.121 2. EXPERIMENTAL SETUP Fig. 1 shows the experimental setup we used. For all results reported here the sample was a rectangular prism of nominally intrinsic silicon with long dimension 10 mm. The other two dimensions varied a little between samples and were about 7 x 2 mm. The samples were weakly n-type, with a resistivity as measured with a four-point probe of 1 .3 -1.6 k -cm, implying a carrier density of about 3 x 1012 cm3. All samples were cut to shape with a diamond saw, and then ground flat on each face. Some samples were then etched chemically with an HF-based etching solution, which polished the sample chemically and left a shiny surface with considerable "orange peel." Other samples were chemomechanically polished using a standard colloidal silica solution, and then etched in HF. This treatment produced a flat, mirror-like surface. In both cases the samples were then washed in deionized water, and blown dry with nitrogen. The sample under test was mounted between two parallel-plane copper electrodes with the smallest (--7 x 2 mm) faces contacting the electrodes. Electrical contact to the sample was made in two different ways. 1 . In the first set of samples the faces were bonded directly to the silicon using an indium solder alloy (Indium Corp. Alloy #1E) and an ultrasonic soldering iron. Low-voltage I-V curves of samples prepared this way were straight lines with slope corresponding to a sample resistivity of about l.4k -cm.
2. In the second set of samples, boron and phosphorus impurities were diffused into the two opposite faces to make a p-i-n diode with an intrinsic region 1 cm long. Films of aluminum and copper about 2000 A and 1 im thick respectively were then thermally evaporated onto these faces. The faces were indium soldered to steel buttons in a furnace with flowing forming gas, and the buttons were fastened to the copper electrodes with two machine screws. Low-voltage I-V curves of these samples had a clearly diode-like character. In the forward direction, the curve was a straight line with slope corresponding to a sample resistivity of 1.4 kl-cm. In the reverse direction, the current was much smaller and varied substantially from sample-to-sample. For a reverse-bias voltage of 100 V, the current was typically -200 jiA.
The electrode-sample assembly was then indium soldered to a holder in the vacuum cell. 
_PL
Voltage was applied to the sample in pulses. The pulse generator consisted of a laser-triggered spark gap which discharged a length of 50 coaxial cable into a matched 501 resistor, labeled R1 in Fig. 1 . When fired without the sample in place, the generator produced rectangular pulses of magnitude up to about 35 kV with pulse length determined by the length of the charged coaxial cable. The pulse risetime depended on voltage, and was 10-20 ns for a 30 kV pulse. Jitter was typically 2-3 ns. One electrode of the sample cell was connected to the generator as shown, and the other was connected to a 50 termination, labeled R2. For all data reported here, a 30 kV voltage pulse was applied across the 10 mm length of the sample, making the average applied field 30 kV/cm, and the pulse length was 250 ns. Capacitive divider voltage probes, labeled P1, P2, and P3 monitored the voltage on the charged electrode of the laser-triggered spark gap, and on both sides of the sample. When used with a Tektronix 7834 oscilloscope, these probes had overall risetimes of about 1 , 1 , and 2 ns respectively. The total sample current could be determined from probe P3 by dividing the output voltage by 50 . The current in R1 was monitored using P4 to measure the voltage across a section of the distributed load.
Optical access to the front and back of the sample was provided by 4.5 and 2 inch diameter fused quartz windows, labeled W1 and W2, respectively. The sample was mounted so that the broad faces of the sample were visible through the two windows. A locally-constructed shutter camera and a Hammamatsu C979 streak camera were used to record the temporal and spatial development of optical events in the sample chamber. Both cameras were capable of near single-photon detection sensitivity. The shutter camera had a minimum shutter time bf about 5 ns. The time resolution of the streak camera depended on the streak speed and the width of the entrance slit, and varied from less than 1 ns to about 15 ns. The time scales of the electrical and optical diagnostics could be synchronized to within about ns, but in many cases the effective time synchronization was limited by the temporal resolution of the camera. In many experiments a spherical mirror, labeled M1, was placed behind W2 to provide an inverted image of the back side of the sample which could be recorded by the cameras simultaneously with the image from the front side. The effective optical aperture for all photos was determined by the focusing lens, and was about f/8. Fig. 2 shows a sequence of shutter photographs of the emission recorded during flashover, and a typical breakdown current oscillogram. The sample had been polished with a chemical etch solution, and electrical contact was made by indium soldering directly to the silicon. The sample had undergone fewer than 30 shots. Except for changes in the delay between the arrival of the voltage pulse and the onset of the rapid current rise signaling breakdown, photos and current traces from samples prepared in the same way, but which had undergone many more shots (up to 1000), were similar. Current traces from samples prepared in other ways discussed in the first section were also similar. Shutter photographs from these samples displayed more differences, but were still generally similar. In many cases the "aged" samples developed preferred breakdown paths whereas the breakdown path for "new" sampies varied randomly from shot-to-shot. Both front and rear views are shown in Fig. 2 , with the rear view being inverted by the optical system. The positions of the edges of the sample for both views are indicated in the figure by white doned lines. The shutter camera was capable of acquiring only one photo at a time, so these photographs are each of a different shot. There was substantial shot-to-shot variation, but the photos are representative of the sequence of events. The shutter time was -5 ns, and the time when each photograph was taken is shown in the representative current trace in A spherical mirror was used behind the sample to provide a simultaneous record of events on both the front and rear faces of the sample. The image from the rear face is inverted. In the photos, the upper photo is from the front face, the lower from the rear. In each photo, the boundaries of the sample are indicated by the white, dotted lines.
EXPERIMENTAL RESULTS
The first optical event observable in Fig. 2a is a small spot of light appearing near the cathode about 20 ns after the arrival of the voltage pulse at the sample. In all cases for which we have data, the optical first emission from the sample appeared after (typically -10 ns) the start of the rapid current rise signaling breakdown. For most samples, the first emission was from one or more spots at the cathode. For forward-biased p-i-n samples, the first emission was delayed, and sometimes appeared away from Emission often appeared in midgap, initially unconnected to either electrode, and Fig. 2b shows a shutter photograph of such an event. In all cases, emission was localized to one or two rather diffuse channels.
Further information about the nature of the breakdown is obtained from scanning electron microscope (SEM) photographs of the surface damage resulting from one or more flashover events. Fig. 3 shows such photomicrographs of two small portions of one face of a forward-biased p-i-n diode sample after only one breakdown event on that face. 
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Also shown is a shutter photograph of the breakdown event, with the areas shown in the photomicrographs marked. Narrow channels, several jim in diameter, are clearly visible in the photos. In Fig. 3a one large channel is seen very close to the n-type (cathodic) contact. The channel seems to tunnel under the surface, and to reappear as several smaller channels, shown in Fig. 3b , -3 mm away. The photo in Fig. 3b suggests that the current channels were flowing just under the surface of the silicon, and happened to break the surface only occasionally. It also appears that either one channel split into two, or two channels intersected and merged into one. We cannot distinguish between the two, however, because the SEM photo provides no information about the direction of growth of the channels. In both photomicrographs there is clear evidence that the silicon was melted in the channel. The regions where channels are seen in the SEM photos correspond to regions of bright visible emission from the sample in the shutter photos. We saw no evidence of surface damage, however, from other regions of the sample from which less intense emission is seen in the shutter photos. In samples which had undergone a large number (>100) of shots, damage was seen throughout the gap region, but the largest concentration of damage was near the cathode.
The SEM photomicrographs in Fig. 3 were obtained from a forward-biased p-i-n sample. Photomicrographs obtained from reverse-biased samples were qualitatively different from those with forward bias. In forward-biased samples after a number of shots there was substantial surface damage near the n-type (cathodic) contact. This damage consisted of a number of deep channels similar to the one shown in Fig. 3a . With reverse-biased samples such deep channels were not seen, and the surface damage was less severe throughout the length of the gap. Visible emission associated with breakdown was somewhat more diffuse with these samples, and rarely displayed localized regions of more intense emission such as seen with forward-biased samples.
DISCUSSION
In the commonly accepted model, surface flashover of insulators in a vacuum occurs as a result of breakdown of gas desorbed from the surface of the insulator.1112 Electrons emitted from the cathode are responsible for desorbing this gas and for ionizing it through electron impact excitation, and the flashover current flows in the resulting plasma. Our results show very clearly that this model does not describe flashover of our silicon samples. Besides ionizing the atoms of the desorbed gas, electron impact excitation also produces light emission, and such emission is observed coincidentally with significant current flow in vacuum flashover of insulators.113 Microdischarges, a related phenomenon, are observed in pre-breakdown activity of vacuum gaps.141 These discharges are thought to result from gas ejected from the electrodes. Visible emission is observed from these discharges for currents of the order of 10 viA.
In all cases for which we have data, breakdown started and a current of several tens of amperes flowed before the appearance of any visible emission at all. Further, the sample current typically rose to a value >300 A before emission appeared outside the region of the cathode spot, and remained between 300-400 A for 30-50 ns before the gap between the electrodes was bridged with luminescence. Such currents could not flow through a gas discharge as assumed in the standard model without inducing visible emission. Thus, the standard surface flashover model cannot describe flashover of our silicon samples.
Where is the current flowing? It is unlikely that currents of this magnitude could be carried by a beam of ballistic electrons in the vacuum. Transition radiation is generally observed at the anode of vacuum gaps for prebreakdown currents greater than about 1 mA/cm2.'51 We do not see such a emission from the anode of our gap, even though the current is many orders of magnitude larger than the reported threshold for emission of transition radiation. We conclude, therefore, that most of the current must flow in the semiconductor. SEM photomicrographs such as those in Fig. 3 also support this contention. It is difficult to explain the narrow channels we observe in terms of a model in which current flows outside the semiconductor. Further, the portions of these channels which are visible in the SEM photomicrographs do not bridge the length of the sample, but instead seem to disappear by tunneling under the surface. Such behavior could not be explained with a model in which the current is flowing outside the semiconductor.
The mechanisms responsible for this current flow are not as clearly indicated. Williams and Peterkin have proposed the following model of surface breakdown in siicon.6 Initially there is a thin, conductive layer at the surface of the silicon sample. This layer is similar to the inversion layer in MOSFET transistors, and is produced by carrier accumulation at the surface as the result of band bending induced by a normal electric field.161 The source of this field might be charge in an insulating surface layer (either fixed charge associated with surface states or impurities in a native oxide layer), or charge bound to the surface of the layer (perhaps through the action of electron impact). When voltage is applied to the sample a thennal run-away process ensues in which ohmic heating of the conductive layer increases conductivity through increased thermal carrier generation. The ohmic heating increases in turn, leading to thennal mn-away and breakdown. Although there are some difficulties, the results we report here are generally consistent with this model.
The question of the origin of the optical emission seen in the shutter photographs naturally arises. The most likely source is luminescence from gas evaporated from the semiconductor surface as the result of heating. Emission would result from electrical breakdown of the low pressure gas or, possibly, from excitation associated with the evaporation event. A preliminary examination of the spectrum of the optical emission showed that it consists of discrete lines. The only line we were able to clearly identify was the H line of atomic hydrogen. Each shot caused a pressure rise in the cell corresponding to a liberation of 1O14 1015 atoms or molecules. Analysis of the gas with a residual gas analyzer showed mass components corresponding to H, H2, C, 0, OH, H20, N2 or Si, and SiO. There were also a number of components which we believe to correspond to hydrocarbon compounds. These results are consistent , with those of Romanova and Stepko, who used a mass spectrometer to determine the gases desorbed from the surface of 50 a-cm silicon upon flash heating in a vacuum.17
Both the localized nature of the observed optical emission, and SEM photomicrographs of the surface damage resulting from flashover imply that current filamentation occurs inside the semiconductor. The electrical conductivity of intrinsic silicon increases monotonically with temperature up to the melting point. Such behavior would produce an effective negative resistance characteristic in which the resistivity decreases with current density, and could explain the strong current filamentation we see in our samples. A small inhomogeneity in current density would lead to non-uniform heating, which would exacerbate the initial inhomogeneity. Once a current filament starts to form, the enhanced conductivity at its tip would induce increase heating just in front of it, and cause the filament to grow in length. The electrical conductivity of silicon increases further by a factor of about 30 upon me1ting.181 The surface damage channels we see on our samples after flashover appear to be the result of localized melting of the silicon, and such behavior would be consistent with this increase.
SUMMARY
Our results clearly show that the standard model of surface flashover of insulators in vacuum181'21 does not describe surface flashover of silicon in a vacuum ambient. The physical mechanism(s) responsible for flashover of silicon are not indicated as clearly, but it appears that breakdown proceeds through heating of the silicon surface, followed by current constriction in this layer and the growth of current filaments, probably corresponding to narrow channels of molten material.
